Aims/hypothesis We investigated whether a reduced incretin effect, as observed in patients with type 2 diabetes, can be detected in high-risk individuals, such as women with prior gestational diabetes mellitus (pGDM). Methods In this cross-sectional study, 102 women without diabetes with pGDM and 15 control participants without pGDM and with normal glucose tolerance (NGT) underwent a 4 h 75 g OGTT and an isoglycaemic i.v. glucose infusion (IIGI). Women with pGDM were classified as having NGT or prediabetes (impaired fasting glucose and/or impaired glucose tolerance). Insulin sensitivity was assessed using the Matsuda index and HOMA2-IR and the incretin effect was calculated from insulin responses during the study (100% × [24.6] in women with prediabetes, women with normal glucose tolerance and control participants, respectively (p < 0.01). Conclusion/interpretation Prediabetes was highly prevalent in women with pGDM, and alterations in the incretin effect were detected in this group before the development of type 2 diabetes. Trial registration: clinicaltrialsregister.eu 2012-001371-37-DK.
Introduction
Gestational diabetes mellitus (GDM) is defined as glucose intolerance detected during pregnancy [1] . In the majority of women with GDM, normal glucose tolerance (NGT) is reestablished after delivery [2, 3] . Nevertheless, GDM represents one of the strongest predictors of development of type 2 diabetes later in life [4] . A review of 28 long-term follow-up studies revealed that up to 70% of women with prior GDM (pGDM) eventually progress to type 2 diabetes [5] .
One of the first detectable deficiencies in the course of type 2 diabetes development is a reduced incretin effect [6, 7] . The incretin effect is defined as the difference in insulin secretory responses elicited by oral and isoglycaemic i.v. glucose administration [8] . Studies have demonstrated that the impaired incretin effect in individuals with type 2 diabetes is caused mainly by impaired beta cell sensitivity to the insulinotropic incretin hormones (glucose-dependent insulinotropic polypeptide [GIP] and glucagon-like peptide-1 [GLP-1]) [9] . Kosinski et al observed that women with GDM exhibit a reduced incretin effect in the third trimester of pregnancy compared with women without GDM, and that this phenomenon was reversible alongside the restoration of NGT a few months after delivery [10] . Thus, women with pGDM appear to provide a unique opportunity for studying the metabolic changes preceding both prediabetes (impaired fasting glucose [IFG] and/or impaired glucose tolerance [IGT] ) and type 2 diabetes. The objectives of this study were to characterise a group of women without diabetes (i.e. with NGT or prediabetes) with pGDM in relation to their incretin effect, as well as plasma levels of insulin, C-peptide, glucagon, GIP and GLP-1.
Materials and methods
Study design This study encompasses baseline assessments of women without diabetes but with pGDM. Participants were recruited as part of a randomised, placebo-controlled, doubleblinded intervention trial investigating the effect of a GLP-1 receptor agonist on glucose tolerance in women with pGDM [11] . The protocol was approved by the Danish Medicines Agency (EudraCT number: 2012-001371-27) and the Scientific-Ethical Committee of the Capital Region of Denmark (H-2-2012-073), and was registered with the Danish Data Protection Agency (01714 GEH-2012-024) and at www.clinicaltrialsregister.eu (2012-001371-37-DK). The study was carried out under the surveillance and guidance of the good clinical practice (GCP) unit at Copenhagen University Hospital, Copenhagen, Denmark, in compliance with The International Council for Harmonisation (ICH)-GCP guidelines, and conducted in accordance with the Helsinki Declaration.
Study outcomes The primary outcome of this baseline assessment was incretin effect. Secondary endpoints included anthropometric and metabolic differences (waist:hip ratio, BP, fasting glucose, insulin resistance measured by HOMA2-IR and Matsuda index, dynamic responses of glucose, insulin, glucagon, GIP and GLP-1, insulin secretion rates [ISR], insulinogenic index, disposition index and gastrointestinalmediated glucose disposal [GIGD] ).
Participants and recruitment Invitations to participate in the study were sent to all women (n = 2418) diagnosed with GDM within the last 10 years in three major obstetric departments in the Capital Region of Denmark. After initial screening over the telephone and/or e-mail, all eligible respondents (overweight women without diabetes, n = 121) were invited for screening from September 2012 to August 2014. Women with screendetected type 2 diabetes (n = 5) were excluded and referred to their general practitioner according to standard recommendations. Eight women did not fulfil the inclusion criteria and three declined to participate; therefore, 105 women with pGDM were included in the study. Two women withdrew consent before participating in the isoglycaemic i.v. glucose infusion (IIGI) experiment and one woman was later excluded because of having monogenic diabetes, leaving 102 women for the crosssectional analysis. Based on their glucose tolerance status, as determined by OGTT, women with pGDM were divided into two groups: pGDM and NGT (pGDM-NGT), and pGDM and prediabetes (pGDM-prediabetes) in accordance with the WHO criteria [1] . Fifteen women with NGT and without pGDM and without diabetes among first-degree relatives were included prospectively in the trial as healthy control participants. The mean age, mean BMI and mean duration since pregnancy of the control group were matched with the pGDM group to reduce bias. All women gave written informed consent before screening.
Procedures For all women, a medical history was recorded and a physical examination was performed. All participants underwent an OGTT and an IIGI on separate days. On both occasions, the women were studied after an overnight fasting period (10 h). A cannula was inserted into a cubital vein and the hand was wrapped in a heating pad for collection of arterialised blood samples. On the day of the OGTT, participants ingested 75 g of water-free glucose dissolved in 300 ml of water. On the IIGI day, an additional cannula was inserted into the contralateral cubital vein for infusion of sterile glucose (200 mg/ml, Frisenius Kabi, Bad Homburg, Germany) using an infusion pump (Model STC-508, Terumo, Tokyo, Japan). The infusion rate was continuously adjusted to replicate the glucose profile of the OGTT. On both days, blood samples were drawn at regular intervals from 15 min before until 240 min after ingestion of glucose for analyses of glucose, insulin, C-peptide, glucagon, GIP and GLP-1. Whole blood samples were distributed between chilled tubes containing EDTA plus a dipeptidyl-peptidase-4-inhibitor (valine-pyrrolidide, a gift from Novo Nordisk, Bagsvaerd, Denmark) and serum tubes containing a clot activator. The latter samples were left to coagulate for 20 min at room temperature. Samples were stored at −20°C and −80°C, respectively, until analysis.
Analyses Glucose was determined by the glucose oxidase method using a glucose analyser (Yellow Springs Instrument, 2300 STAT plus Analyzer, YSI, Yellow Springs, OH, USA). Insulin and C-peptide concentrations were measured using a two-sided electrochemiluminescence immunoassay (ADIVA Centaur XP, Siemens, Ballerup, Denmark). Glucagon was analysed using a C-terminal glucagon-specific antibody (code no. 4305; developed in house) [12] . Total GIP was measured using the C-terminal directed antiserum no. 80867 (developed in house), which reacts fully with intact GIP and the N-terminally truncated metabolite [13] , and total GLP-1 was analysed using an antibody (code no. 89390; developed in house) specific for the amidated C-terminus of GLP-1 [14] .
Calculations Mean concentrations of fasting values of glucose, insulin, GIP, GLP-1 and glucagon were calculated at −15 min, −10 min and 0 min. Minimum values for glucagon were expressed as the nadir. The AUC was calculated by the trapezoidal rule and expressed as either total AUC (tAUC) or incremental AUC (iAUC) from 0-240 min unless stated otherwise. The early insulin response was calculated as iAUC 0-30 , glucagon suppression as tAUC 0-45 and iAUC , and the early responses of GLP-1 and GIP as iAUC , and the subsequent 2 h responses as iAUC . ISR values were calculated by deconvolution of measured C-peptide concentrations and application of population-based variables for C-peptide kinetics and expressed as pmol insulin secreted per min per kg body weight. Insulin resistance was evaluated using the computergenerated HOMA2-IR at www.dtu.ox.ac.uk (accessed on 11 January 2016) [15, 16] . Insulin sensitivity during OGTT was calculated using the Matsuda index [10,000/√(fasting glucose × fasting insulin) × (mean glucose 0-120 × mean insulin 0-120 )] [17] . Insulinogenic indices (a measure of insulin release) were calculated as the ratio between Δ(0-30 min) for insulin and glucose during both OGTT and IIGI [15] . Disposition index (insulinogenic index/HOMA2-IR) was used as an adjusted measure of beta cell function [18] . GIGD was calculated using the following formula: 100% × (amount of glucose given during the OGTT − amount of glucose infusion during the IIGI)/amount of glucose given during the OGTT [19] . The incretin effect was calculated by relating the difference in integrated beta cell responses (iAUC for insulin or ISR × time) between stimulation of the gut (OGTT) or not (IIGI) to the response after the OGTT, multiplied by 100 to express the effect in per cent, i.e. 100% × (AUC OGTT − AUC IIGI )/AUC OGTT [8] .
Statistical methods Sample size was calculated based on the primary endpoint in the intervention study (change in glucose tolerance from baseline to week 52 as measured by the AUC for the glucose excursion following a 4 h 75 g OGTT) [11] . Data are tabulated as median and interquartile range (IQR) or number and percentage. In the figures, data are presented as mean ± SEM. We had only a few missing blood samples (<0.7%) during the experimental days due to mechanical difficulties collecting blood from the cannula. The values for these missing samples were interpolated linearly. A p value <0.05 was considered to be significant. The statistical analyses were performed using the statistical software GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Bartlett's test was used to test for normal distribution. Comparisons between the three groups were performed using the Kruskall-Wallis test with Dunn's correction for multiple comparisons for continuous variables, and the Mann-Whitney test when comparing two groups. Differences of categorical variables were analysed using χ 2 with Bonferroni's test for multiple comparisons. Multivariate linear regression analysis was also performed: the incretin effect was used as a dependent variable and we included fasting plasma glucose (FPG), glucose response, fasting insulin level, insulin response, GIP response, GLP-1 response, glucagon response, the different indices of beta cell function, insulin resistance and the combined disposition index as prediction variables. In the initial models, we also adjusted for age, BMI and time since pregnancy. Subsequently, a stepwise model selection was performed using the MASS package in the statistical software R (R 3.2.3, R Foundation for Statistical Computing, Vienna, Austria).
Results
Baseline characteristics Baseline characteristics of the control (n = 15), pGDM-NGT (n = 39) and pGDM-prediabetes (n = 63) groups are listed in Table 1 . All women in the pGDMprediabetes group (62% of all pGDM) had IGT and only five of these women had concomitant IFG. The three groups were similar with regards to age, BMI and time since index pregnancy (the first pregnancy associated with GDM). Fasting glucose levels were higher in the pGDM-prediabetes group compared with the pGDM-NGT and control groups. HbA 1c was significantly higher in the pGDM-prediabetes group compared with the control group, but not compared with the pGDM-NGT group. HbA 1c was similar in the control and the pGDM-NGT groups. There was no difference in the number of pregnancies with GDM between the pGDM groups, but more women were treated with insulin in at least one of their GDM pregnancies in the pGDM-prediabetes group (n = 17) compared with the pGDM-NGT group (n = 4).
Indices of beta cell function and insulin resistance
Calculations from both the OGTT and IIGI days are listed in Table 1 . Insulin resistance assessed by HOMA2-IR was similar in all three groups, whereas reduced insulin sensitivity as assessed by Matsuda index was found in the pGDMprediabetes group compared with both the pGDM-NGT and control groups. The insulinogenic index was similar in all three groups on both experimental days. Beta cell function corrected for insulin resistance (HOMA2-IR), i.e. the disposition index, showed a significant reduction in beta cell function on the OGTT day, but not on the IIGI day, in the pGDM-prediabetes group compared with control participants (Table 1) .
Glucose and insulin Descriptive data and calculations from the OGTT and IIGI are listed in Table 2 . Glucose curves during the OGTT and IIGI are shown in Fig. 1a -c. Compared with OGTTs, isoglycaemia during IIGIs was achieved in all three groups. Similar amounts of glucose were administered in the control and pGDM-NGT groups, whereas more glucose was needed to replicate the OGTT curve in the pGDM-prediabetes group, resulting in a lower GIGD in this group. Insulin responses are depicted in Fig. 1e -g, and the incretin effect calculated from the iAUC for insulin is illustrated in Fig. 1h . Compared with the other two groups, the control group had a lower insulin response during the OGTT (iAUC) and the pGDM-prediabetes group had a reduced early insulin response (iAUC 0-30 min ). The same pattern was found for C-peptide responses (data not shown). The incretin effect calculated from the insulin iAUC was similar in the control group and the pGDM-NGT group, whereas the pGDM-prediabetes group exhibited a significantly lower incretin effect. The ISRs calculated from C-peptide responses are depicted in Fig. 1i -k. As illustrated, the control and pGDM-NGT groups peaked after 60 min, whereas the pGDM-prediabetes group peaked after 120 min. The incretin effect based on the ISR iAUC is shown in Fig. 1l . This was similar in the control and pGDM-NGT groups, whereas the pGDM-prediabetes group exhibited a significantly lower incretin effect.
Glucagon, GIP and GLP-1
The responses of glucagon, GIP and GLP-1 on the OGTT and IIGI days are depicted in Fig. 2 . Detailed descriptive data are listed for glucagon in Table 2 , and for GIP and GLP-1 in Table 3 . Fasting and nadir values for glucagon responses were similar in all groups on both days. The control group initiated the suppression of glucagon after 10 min, whereas both pGDM groups exhibited a delayed suppression resulting in a significantly higher iAUC (0-45 min) during the OGTT compared with the IIGI in these groups (pGDM-NGT, p = 0.019; pGDM-prediabetes, p < 0.001). Fasting, peak, tAUC and iAUC values for GIP, GLP-1 and GLP-1 (0-30 min) during the OGTT were similar in the three groups. The GLP-1 (0-120 min) response was slightly reduced in the pGDM-prediabetes group compared with the control group and the pGDM-NGT group. The GIP (0-120 min) response was also slightly reduced in the pGDM-prediabetes group compared with the pGDM-NGT group.
Multivariate linear regression analysis We tested the six possible models based on the different insulin resistance measures (HOMA2-IR and Matsuda index) combined with the insulinogenic index based on either OGTT or IIGI, or the disposition index based on either OGTT or IIGI. The stepwise regression of the six models resulted in three alternative models describing the incretin effect (model A: incretin effect = BMI + FPG + glucose response + fasting insulin + GLP1 response; model B: incretin effect = FPG + glucose response + disposition index IIGI + GLP1; and model C: incretin effect = FPG + glucose response + fasting insulin + insulinogenic index IIGI + insulin response + GLP1 response). Common for all models was the inclusion of the FPG, the glucose response and the GLP-1 response as significant contributors. All oral indices of beta cell function and insulin resistance were excluded, whereas the indices based on i.v. glucose were retained in the models. All models reached high significance (p < 0.001) and the models were able to describe between 40% and 47% of the variation in the incretin effect (model A: R 2 = 0.396; B: R 2 = 0.401; C: R 2 = 0.468).
Discussion
Here, we show the presence of prediabetes (62%) in a cohort of otherwise healthy women with pGDM, and that women with pGDM and prediabetes are characterised by a reduced incretin effect and GIGD compared with women with pGDM and NGT and women with NGT and no history of GDM. The reduced incretin effect in women with pGDM-prediabetes was further characterised by a decreased beta cell function in response to oral glucose (disposition index, OGTT). This reduction was not seen in response to i.v. glucose (disposition index, IIGI) pointing to a reduced incretin effect per se rather than an overall reduction in beta cell function in our population. This observation was further supported by the multivariate regression analysis, which continuously rejected the oral measures of insulin resistance and beta cell function as predictive variables but, in contrast, revealed the GLP-1 response as a predictive measure for the incretin effect.
One strength of our study is that we performed in-depth clinical investigations with detailed responses of gut and pancreatic hormones to OGTT and IIGI in a large cohort of pGDM women. We included both women who were treated by diet alone and with insulin during pregnancy, and the ratio between the two treatment groups was comparable with the ratio observed in most obstetric outpatient clinics. Our cohort therefore appears to be representative of the GDM population in Denmark. Our analyses of hormone responses are based on frequent blood sampling throughout the 240 min OGTT and IIGI, which strengthens the accuracy of the AUC calculations. Finally, we used well-documented assays for analysing plasma samples [13, 20] . Limitations include the a priori exclusion of women diagnosed with overt type 2 diabetes, possibly creating a cohort that is less predisposed to the development of type 2 diabetes. Conversely, we excluded women with normal weight, which should have the opposite effect on the cumulative risk for future type 2 diabetes [2] .
It is known that the incretin effect is reduced in the third trimester of pregnancy in women with GDM and that this decrease is fully reversed within a few months after delivery, alongside normalisation of glucose tolerance [10] . The incretin effect has, however, not been studied in women with pGDM until now. It has been studied in adolescents with prediabetes who, consistent with our results, have a decreased incretin effect [21] . The women in our study population were obese, a factor which has been shown to reduce the incretin effect in men with NGT and type 2 diabetes [22] , and which, therefore corroborates our results. However, we did not find a reduced incretin effect in our NGT group, possibly because our cohort was about 20 years younger and six BMI points leaner than the men studied by Knop et al [22] . Factors other than the incretin effect might affect glucose disposal differently during oral and i.v. glucose administration; these factors include neural reflexes, activation of afferent nerves in the intestinal mucosa, differences in glucagon secretion, first-pass hepatic uptake of glucose, differences in portal and venous blood glucose concentrations, direct nutrient effect and possibly presently unknown factors. The GIGD takes all of these factors into account [23] .
We demonstrated a preserved GIGD in the control group and pGDM-NGT group, and a reduction in the pGDM-prediabetes group, which is similar to our findings for the incretin effect. This suggests that the incretin effect represents a major contributor to the GIGD in our population. Although within the normal range, higher fasting glucose was found in the pGDM-prediabetes group compared with the pGDM-NGT and control groups. Only 8% of the women in the pGDM-prediabetes group had combined IFG and IGT, while the vast majority had isolated IGT. No differences in insulin resistance as measured by HOMA-IR were found between the groups. Since fasting insulin was similar in all three groups and fasting glucose followed the same pattern, the HOMA-IR indices based on fasting levels were not affected in our population. In contrast, the pGDM-prediabetes group had reduced insulin sensitivity as measured by the Matsuda index (based on the differences in dynamics of glucose and insulin during the OGTT). Equally, the immediate increase in ISR after glucose ingestion seemed to be weakened in the pGDM-prediabetes group with time to peak being reached at 120 min compared with 60 min in the two NGT groups, implying that this group has some degree of beta cell dysfunction. Disposition index (a surrogate measure of beta cell function) was also reduced in the pGDM-prediabetes group during the OGTT, which may reflect a decreased ability to adequately amplify insulin secretion to oral glucose stimulation. Collectively, this suggests that, at least temporarily, women with pGDM are able to retain NGT because their beta cells produce large amounts of insulin, but at some point the insulin production is not adequate and IGT develops.
People with type 2 diabetes are known to have elevated fasting glucagon and exhibit decreased suppression of glucagon after glucose ingestion [24] . We did not find any alterations in fasting or nadir glucagon values in the pGDM groups on either of the test days, but we did find a delay (up to 30 min) in the immediate suppression of glucagon on the OGTT day compared with the IIGI day in both pGDM groups. In contrast, the control participants were capable of immediate suppression of glucagon after administration of glucose, which is central to the maintenance of normal glucose excursions after a meal or an oral glucose load in healthy individuals. Normal fasting glucagon and delayed suppression during an OGTT have previously been found in both lean and obese individuals with prediabetes [25] . However, these participants, in contrast to ours, also had [26] included individuals with combined IFG/IGT. The five participants in our study with combined IFG/IGT also had elevated fasting glucagon, an initial increase in glucagon, delayed suppression and increased nadir glucagon values during the OGTT (data not shown). However, the majority of individuals in the prediabetes group in our study had solely IGT and appeared to be healthier than both the IGT group investigated by Mitrakou et al [26] and individuals with type 2 diabetes [24] with elevated FPG and fasting glucagon, because, during their participation, they only appeared to be experiencing masked beta cell dysfunction and mild alpha cell dysfunction. We analysed total GLP-1 as a measure of GLP-1 secretion and focused on the early phases of the response to relate our results to previously reported data. The GLP-1 (0-120 min) response was reduced in the pGDM-prediabetes group compared with both NGT groups, which is consistent with the findings of Faerch et al [25] and Laakso et al [27] . No reduction was found in the early (0-30 min) response in contrast to findings by Faerch et al [25] and Forbes et al [28] . Furthermore, in contrast to Laakso et al [27] , we found no changes in the full GLP-1 (0-240 min) response. The GIP (0-120 min) response was reduced during the OGTT in the pGDM-prediabetes group compared with the pGDM-NGT group. No differences were found in the early (0-30 min) response or the full GIP (0-240) response. Meier et al investigated 20 women with pGDM and found that the 0-120 min GIP response during an OGTT was similar to a control group [29] . This is in agreement with our results for the pGDM-NGT group. However, the women included in the trial by Meier et al generally had fewer metabolic alterations and the majority had NGT, which could explain the minor differences between the GIP and GLP-1 responses when compared with control participants without pGDM [29] . In some studies, individuals with type 2 diabetes have slightly, but not clinically relevant, reduced GLP-1 levels [30] , and it is generally acknowledged that the impaired incretin effect in type 2 diabetes, is primarily caused by an impaired insulinotropic response to GIP and GLP-1. As we will follow this cohort of women with pGDM prospectively for 5 years, we have a unique opportunity to observe if the women with reduced GLP-1 responses will go on to develop type 2 diabetes [11] .
Preventing the development of type 2 diabetes in high-risk individuals remains a hot, and clinically relevant, topic. The ADA advises all women with pGDM to be screened for type 2 diabetes at 6-12 weeks after delivery and every second to third year thereafter [31] . Additionally, in the USA, lifestyle interventions and/or metformin are recommended for women with pGDM and prediabetes to prevent type 2 diabetes, which is in contrast to most European countries, where only lifestyle interventions are recommended [31, 32] . As aforementioned, the cohort of women with pGDM in the present study is currently enrolled in a randomised clinical trial with the aim to shed light on the effect of treating these high-risk individuals with a GLP-1 analogue [11] .
In conclusion, we characterised a group of women without diabetes but with pGDM and found that prediabetes was highly prevalent in these individuals. The incretin effect and GIGD were unchanged in women with pGDM and NGT, but were decreased in women with pGDM and prediabetes. The reduced incretin effect may be caused by a combination of decreased sensitivity to and secretion of incretins.
